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Abstract The alterations in oligodendrocytes in myelin
basic protein-induced acute experimental autoimmune en-
cephalomyelitis (EAE) in the Lewis rat were studied us-
ing the technique of pre-embedding immunolabelling with
the Rip monoclonal antibody, which specifically labels
the cytoplasm of the cell bodies and processes of oligo-
dendrocytes. In spinal cord sections of untreated and dex-
amethasone-treated rats with EAE, we found that apop-
totic lymphocytes were phagocytosed by Rip-positive oligo-
dendrocytes as well as by CD11b/c-positive macrophages/
microglia and by astrocytes expressing glial fibrillary
acidic protein. Morphologically normal lymphocytes were
also internalised by these cell types, a phenomenon known
as emperipolesis. We suggest that this phenomenon repre-
sents the phagocytosis of lymphocytes that have under-
gone the plasma membrane alterations of apoptosis with-
out yet manifesting the nuclear condensation of apoptosis.
We also found an increase in the number of clusters of
two to four oligodendrocytes, mainly in the grey matter,
suggesting proliferation of cells of the oligodendrocyte
lineage.
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Introduction
Experimental autoimmune encephalomyelitis (EAE) is an
inflammatory demyelinating disease of the central ner-
vous system (CNS) that serves as an animal model of the
human demyelinating disease, multiple sclerosis [23].
Changes in the myelin sheath are well documented in
EAE [27], but studies on oligodendrocytes, the cells which
make and maintain the myelin sheaths in the CNS, have
been hampered by the lack of reliable markers for oligoden-
drocytes in situ, especially in view of the morphological
similarities between oligodendrocytes and macrophages/
microglia.
The monoclonal antibody, Rip, specifically labels the
cytoplasm of the cell bodies and processes of myelinating
and promyelinating oligodendrocytes [1, 7, 11]. In the
present study we have used the technique of pre-embed-
ding immunolabelling with this antibody to investigate al-
terations in oligodendrocytes in Lewis rats with acute EAE
induced by inoculation with myelin basic protein (MBP)
and complete Freund’s adjuvant. We report that oligoden-
drocytes phagocytose apoptotic lymphocytes and mor-
phologically normal lymphocytes in EAE. We also found
an increase in the number of clusters of two to four oligo-
dendrocytes, suggesting proliferation of cells of the oligo-
dendrocyte lineage.
Materials and methods
Animals
Lewis rats (JC strain) were obtained from the Central Animal
Breeding House of the University of Queensland. They were fed
rat cubes and water ad libitum. The “Principles of laboratory animal
care” (NIH publication no. 86–23, revised 1985) were followed, as
was the “Australian code of practice for the care and use of animals
for scientific purposes” (NHMRC/CSIRO/AAC).
Induction of EAE
MBP was prepared from guinea pig CNS tissue by the method of
Deibler et al. [4]. MBP in 0.9% saline was emulsified in an equal
volume of incomplete Freund’s adjuvant containing 4 mg/ml of
added Mycobacterium butyricum (Difco, USA). Male rats, 7–8
weeks old, were inoculated with 0.1 ml of emulsion in one footpad
of the hindfoot. The total dose of MBP was 50 µg/rat.
Treatment with dexamethasone
To increase the number of apoptotic inflammatory cells, some rats
with EAE were injected subcutaneously with a single dose (4 mg/
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kg) of dexamethasone the day after the onset of neurological signs
or at the peak of neurological signs. The rats were perfused for his-
tological studies 6 h after the injection.
Histological studies
Under anaesthesia, the rats were perfused via the aorta with 0.9%
saline followed by modified Karnovsky’s fixative (2% paraformal-
dehyde/2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer,
pH 7.3–7.4). Thoracic, lumbar and sacral segments of the spinal
cord were removed, processed and embedded in epoxy resin.
Semithin sections (0.5 µm) were stained with toluidine blue for
light microscopy. For electron microscopy, ultrathin sections were
stained with lead citrate and examined with a Jeol JEM-1200 EXII
electron microscope. Apoptotic cells were recognised by the crite-
ria of Kerr et al. [13]. Macrophages were identified as large cells
(but smaller than oligodendrocytes) that had copious amounts of
cytoplasm and often contained lipid droplets, many vacuoles, mi-
tochondria and sometimes myelin debris. Lymphocytes were re-
cognised as smaller cells that generally had a small rim of cyto-
plasm surrounding the nucleus, a high nuclear/cytoplasmic ratio,
and no cytoplasmic vacuoles or ingested debris. We have previ-
ously confirmed the reliability of these criteria by immunocyto-
chemistry [21].
Immunocytochemistry
Under anaesthesia the rats were perfused with 0.9% saline fol-
lowed by 4% paraformaldehyde/0.05% glutaraldehyde in 0.1 M
phosphate-buffered saline (PBS) (pH 7.4). Segments of the lumbar
and sacral spinal cord were removed and immersed in the above
fixative for a total of 3–4 h before being transferred to 0.01 M
PBS. The tissues were then processed as follows. Sections (100 µm)
were cut on a TPI vibratome. The Rip mouse monoclonal antibody
specific for oligodendrocytes was provided by Dr. B Friedman.
Mouse monoclonal antibody against rat CD11b/c (the type 3 com-
plement receptor expressed by macrophages and microglia; OX42)
was provided by Dr. J Sedgwick. Antibody to glial fibrillary acidic
protein (GFAP) expressed by astrocytes was obtained from Dako,
USA. For both light and electron microscopic immunocytochem-
istry, a modified protocol of Hsu’s avidin/biotin peroxidase [9]
pre-embedding immunolabelling technique [30] was used. After
non-specific binding sites had been blocked with normal goat
serum (Dako, USA) (1:50) for 2 h, vibratome sections were washed
with PBS and then incubated with primary antibodies overnight.
Antibody dilutions were as follows: OX42, 1:25; Rip, 1:2–1:5;
anti-GFAP, 1:100. Sections were then washed for 8 h with PBS
(changed every hour), and then incubated overnight with biotiny-
lated anti-species IgG (Vector, USA), 1:300, containing 1% nor-
mal rat serum. After being washed again with PBS for 4 h, the sec-
tions were incubated with an avidin-biotinylated peroxidase com-
plex (Vector, USA) for 4 h. The sections were washed with PBS
for a few hours or overnight and then reacted with 3,3′-diamino-
benzidine-tetrahydrochloride (Sigma, USA) for 1–2 h. Colour de-
velopments were controlled under a microscope to obtain the opti-
mal labelling. Reactions were stopped with PBS, and the sections
were washed with saline, re-fixed with modified Karnovsky’s fix-
ative for 1 h and washed in saline again. All procedural steps were
performed at room temperature. The sections were then flat-osmi-
cated and flat-embedded as previously described [19] and briefly
as follows. They were flat-osmicated with 1% osmium tetroxide
(Dalton’s solution) [2], washed gently with saline, stained en bloc
with 1% uranyl acetate/saline for 30 min and washed again with
saline. They were then dehydrated serially in 70% ethanol, 90%
ethanol, 90% acetone, followed by two changes of absolute ace-
tone before being infiltrated sequentially with mixtures of acetone:
epoxy resin in the proportions of 3:1 for 15 min; 1:1 for 1 h and 1:3
for 2 h and finally with full resin overnight before being flat-em-
bedded in epoxy resin. Semithin sections (1 µm) were examined
unstained or lightly counterstained with toluidine blue. Ultrathin
sections stained or unstained with lead citrate were examined with
the electron microscope.
Quantification of oligodendrocytes
Rip-positive (Rip+) oligodendrocytes in semithin sections of the
sacral spinal cord were quantified by light microscopy with a 40X
objective and the assistance of a 1 × 1-mm2 eyepiece grid. Only
those Rip+ cells with visible nuclei were counted.
Results
Standard light and electron microscopy
In untreated rats with EAE, inflammation was evident in
the spinal cord, with numerous inflammatory cells in the
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Fig.1A, B Electron micrographs of the sacral spinal cord of dexa-
methasone-treated rats with EAE. A A macrophage is engulfing an
apoptotic lymphocyte (arrowhead). Normal lymphocytes (arrows)
with active processes are also seen. B A macrophage (large arrow)
is phagocytosing myelin and cellular debris. A lymphocyte (small
arrow) is almost completely engulfed by the macrophage. This
lymphocyte is at an early stage of apoptosis, as its cytoplasm is con-
densed and its processes are retracted. An adjacent normal lympho-
cyte (arrowhead) is not surrounded by processes of the macrophage
(EAE experimental autoimmune encephalomyelitis). Bars = 2 µm
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meninges, perivascular spaces and throughout the par-
enchyma. Primary demyelination was mainly present in
the CNS portions of the root entry and exit zones and was
limited in other parts of the CNS. Some oedema was pre-
sent in the white matter, particularly in the dorsal co-
lumns. Apoptotic cells were found, mostly at the peak 
of the neurological signs and during early clinical recov-
ery, as previously described [20, 25, 26]. The apoptotic
cells consisted of lymphocytes and macrophages, with the
former predominating. Apoptotic cells and apoptotic bod-
ies were often found within macrophages (Fig.1A). Some
macrophages were also engulfing morphologically nor-
mal lymphocytes or lymphocytes showing the early
changes of apoptosis, such as condensation of cytoplasm
and retraction of processes (Fig. 1B). In dexamethasone-
treated rats with EAE, there was a marked increase in the
number of apoptotic lymphocytes and macrophages, as
previously reported [21]. We did not observe any apop-
totic cells or evidence of phagocytic activity in the CNS
of normal control rats.
Immunocytochemistry
CD11b/c+ cells (macrophages/microglia) were present in
the meninges and throughout the parenchyma of the spinal
cords of rats with EAE. Some contained myelin debris,
apoptotic cells, apoptotic bodies (Fig.2A) or morphologi-
cally normal lymphocytes. Some CD11b/c+ cells were
apoptotic. Some cells expressing GFAP (astrocytes) con-
tained lipid droplets, apoptotic cells or morphologically
intact lymphocytes (Fig.2B, C). Phagocytosis of apop-
totic lymphocytes and of morphologically normal lym-
phocytes by CD11b/c+ or GFAP+ cells occurred more fre-
quently in dexamethasone-treated rats than in untreated
rats with EAE. Paired GFAP+ cells were occasionally en-
countered. We did not observe any apoptotic GFAP+ cells.
Rip+ cells were distributed throughout the spinal cord
(Fig. 2D). In the white matter they mostly had elongated
cell bodies and long processes (Figs.2D, E; 3A), whereas
in the grey matter they were round or oval with short
processes (Fig. 2D). Rip+ cells in the grey matter were of-
ten paired with astrocytes or were adjacent to neurones or
small blood vessels (Figs. 2F; 3B). There were slight in-
creases in the mean numbers of Rip+ cells in transverse
sections of the sacral spinal cord of untreated rats with
EAE and of dexamethasone-treated rats with EAE com-
pared to normal controls (Table 1), although the differ-
ences were not statistically significant. In transverse sec-
tions of the sacral spinal cords of untreated and dexam-
ethasone-treated rats with EAE, most Rip+ cells occurred
singly, but clusters of two to four adjoining Rip+ cells
were sometimes observed, mainly in the grey matter (Figs.
2G; 3C, D). The number of these Rip+ clusters was signif-
icantly higher (9 ± 2/mm2) in rats with EAE than in nor-
mal control rats (3 ± 1/mm2) (P < 0.001, Student’s t-test).
Within the clusters the intensity of Rip labelling varied
among the different cells, suggesting possible age differ-
ences [17]. These adjoining Rip+ cells were arranged dif-
ferently from the rows of interfascicular oligodendrocytes
in the white matter [3]. We did not observe any apoptotic
Rip+ cells. Some Rip+ cells were observed partially en-
gulfing or completely ingesting morphologically normal
lymphocytes (Figs. 2H; 3E) or apoptotic cells, which were
mostly identified as lymphocytes [21] (Fig. 2I–L), as well
as apoptotic bodies and cellular debris. The complete in-
gestion of apoptotic lymphocytes was confirmed by serial
sections. Morphologically normal lymphocytes were more
frequently partially engulfed than apoptotic lymphocytes,
whereas apoptotic lymphocytes were more frequently
completely ingested than morphologically normal lym-
phocytes. Phagocytic activity of oligodendrocytes oc-
curred more often in dexamethasone-treated rats than in
untreated rats.
Discussion
During the course of acute EAE there is T lymphocyte
and macrophage apoptosis in the CNS [20, 25, 26, 29],
which is increased by the administration of the glucocor-
ticoid, dexamethasone [21]. In the present study we have
demonstrated that apoptotic lymphocytes are phagocy-
tosed by Rip+ oligodendrocytes and GFAP+ astrocytes as
well as by CD11b/c+ macrophages/microglia. The phago-
cytosis of apoptotic lymphocytes by oligodendrocytes and
astrocytes was observed more frequently in dexametha-
sone-treated rats, probably because of the increased num-
ber of apoptotic cells after this treatment, although macro-
phages/microglia constituted the main phagocytic cell
type in both the treated and untreated animals. Oligodendro-
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Fig. 2 A–L Semithin sections of the sacral spinal cord of rats with
EAE. A CD11b/c+ macrophages (large arrows) with characteristic
rounded shapes and numerous active processes are present in the
subpial region. One of these cells (arrowhead) contains an apop-
totic body. Many unlabelled lymphocytes (small arrows) are also
present. B A morphologically normal lymphocyte (large arrow) is
located within the cytoplasm of a GFAP+ astrocyte. The glia limi-
tans formed by astrocytic processes is clearly labelled (small ar-
rows). C An apoptotic cell is engulfed by the GFAP+ processes
(small arrows) of an astrocyte (large arrow). D Thick non-osmi-
cated non-embedded vibratome section of a normal rat showing
the distribution of Rip+ oligodendrocytes in the spinal cord. Rip+
cells in the white matter usually have elongated cell bodies with
long processes, whereas those in the grey matter are mostly round
or oval with short processes. The arrowheads indicate the border
of the white and grey matter. E A Rip+ cell with a long process
contacts many myelinated fibres (arrows) along its path. F Many
Rip+ cells (arrows) in the grey matter lie next to small blood ves-
sels. G Two triplets of Rip+ cells (large arrows) in the grey matter.
An apoptotic lymphocyte (small arrow) can be seen. H A Rip+ cell
partially engulfs a morphologically normal lymphocyte (large ar-
row) in the white matter. A pair of Rip+ cells and many inflamma-
tory cells (small arrows) are also present. I, J Rip+ cells partially
engulf apoptotic lymphocytes (arrows). K, L Apoptotic cells (ar-
rows) are completely ingested by Rip+ cells in the white matter (K)
and the grey matter (L). An unlabelled astrocyte (arrowhead) can
be seen in K. Semithin sections were counter-stained with tolui-
dine blue and were from untreated rats with EAE (C, F) and dex-
amethasone-treated rats with EAE (A, B, E, G–L) (GFAP glial
fibrillary acidic protein). Bars A–C, E, G–I, K = 10 µm; D = 100
µm; F = 25 µm; J, L = 5 µm
F
cytes and astrocytes have previously been shown to be ca-
pable of phagocytic activity [14, 16].
The phagocytosis of apoptotic cells is an integral part
of the apoptotic process and is due to plasma membrane
alterations, such as the redistribution of phosphatidyl-
serine from the inner to the outer leaflet of the plasma
membrane [5] and other mechanisms [28]. We also found
morphologically normal lymphocytes inside oligodendro-
cytes, astrocytes and macrophages/microglia. The phe-
nomenon of internalization of apparently viable lympho-
cytes in other cells is known as emperipolesis (from the
Greek word meaning ‘inside round about wandering’) [10]
and has been observed in a variety of cell types, including
astrocytes [8, 18]. Emperipolesis has been distinguished
from phagocytosis and postulated to involve an as-yet-
unidentified active role by lymphocytes [8]. We suggest
that the internalization of morphologically normal lym-
phocytes by other cells in the present study represents the
phagocytosis of lymphocytes that are committed to the
process of apoptosis and that have undergone the plasma
membrane alterations without yet undergoing the charac-
teristic nuclear condensation of apoptosis. This sugges-
tion is supported by our finding, by standard electron mi-
croscopy, of the internalization (by macrophages/micro-
glia) of lymphocytes with morphological features inter-
mediate between those of normal cells and those of classi-
cal apoptotic cells (Fig. 1B), that is exhibiting the early
changes of apoptosis such as condensation of the cyto-
plasm and retraction of processes, as described by Kerr et
al. [12]. This is also supported by our observation that, in
the early stages of engulfment by Rip+ oligodendrocytes,
most lymphocytes were morphologically normal, whereas
in the later stages most were apoptotic. It is likely that at
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Fig. 3A–E Electron micrographs of the sacral spinal cord of dex-
amethasone-treated rats with EAE. A Numerous myelinated fibres
(arrows) closely associated with a Rip+ cell in the white matter. B
A Rip+ cell beside a small blood vessel in the grey matter. Inset:
Higher magnification showing that the cell is just below the en-
dothelial basal lamina (small arrows). C, D Triplets of Rip+ cells
in the grey matter. Note the differences in labelling intensity
among these cells. E A Rip+ cell is engulfing a morphologically in-
tact cell (arrow), probably a lymphocyte. Bars = 2 µm
least some previously described instances of emperipole-
sis also represent phagocytosis of lymphocytes committed
to apoptosis, as Furer et al. [8] observed that some of the
lymphocytes within astrocytes were disrupted and frag-
mented and had pyknotic nuclei.
Although there was no significant increase in the total
number of oligodendrocytes per mm2 in sections of the
sacral spinal cord of rats with EAE, the higher number of
clusters of oligodendrocytes in untreated or dexametha-
sone-treated rats with EAE suggested proliferation of cells
of the oligodendrocyte lineage. These clusters of oligo-
dendrocytes may represent the progeny of the glial pro-
genitor cells described by ffrench-Constant and Raff [6].
An alternative possibility is that these clusters result from
the proliferation of mature differentiated oligodendro-
cytes [15]. The clusters may be a source of the oligo-
dendrocytes that rapidly remyelinate the CNS during re-
covery from EAE [22, 24].
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